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Pace, J. G., Beall, F. A., Neufeld, H. A. & Wannemacher, Jr., R.W.

Fatty acid metabolism and ketogenesis in the rat exposed to Streptococcus

pneumoniae

Under the dual stress of infectious illness and starvation, the

septic host's reduced ability to convert fatty acids to ketone bodies

may be partly responsible for the protein-wasting state that accompanies

the illness. Previous studies have shown that livers from rats infected

with Streptococcus pneumoniae have a decreased ketogenic capacity

compared to fasted controls. This study examines possible control sites

of hepatic ketogenesis, including hepatic concentrations of coenzyme A,

carnitine and malonyl-coenzyme A. These studies show that during

pneumococcal sepsis, the decreased ketogenic capacity of the liver is

accompanied by increased hepatic carnitine concentrations, especially

acetylcarnitine, and decreased hepatic coenzyme A (CoA). Infection

had no effect on muscle carnitine concentrations or hepatic malonyl-CoA

content. These data demonstrate that the decreased rate of ketone body

production during infection is not due to a carnitine deficiency. In

contrast to malonyl-CoA's regulatory role in the fed and fasted state,

the concentration of malonyl-CoA does not appear to be of major

importance in determining the rate of ketogenesis during infection.

The liver of the fasted-infected rat appears to be shuttling acetyl

groups to carnitine.and fatty acyl-CoA away from oxidative pathways

toward esterification.



Introduction

The production of ketone bodies (B-hydroxybutyrate and acetoacetate)

is a characteristic metabolic adaptation to starvation in man and

experimental animals (1). Ketones can be utilized as energy substrates

by tissues such as skeletal muscle and brain. Thus, ketone bodies

decrease the glucose requirement of the starved host and spare body

protein by reducing the usage of amino acids for glucose synthesis.

Neufeld et al. (2) and Blackburn et al. (3) observed a general failure

of ketonemic adaptation during severe bacterial and viral infections in

man and experimental animals, despite caloric deprivation. This

inability of the infected host to utilize fat stores probably contributes

to the protein-wasting that accompanies infectio._. disease.

Ketogenesis is dependent on both the availability of free fatty

acids and an alteration in hepatic fat metabolism (4). These two

requirements were examined during infection. Fatty acid availability is

influenced by the hormonal status of the animal (3-8). However, despite

an elevation in plasma insulin concentration during infection, no

differences were found in the rate of lipolysis or release and uptake of

circulating fatty acids (5-7). Previous studies have shown that livers

from fasted-infected rats were less efficient at producing ketone bodies

when perfused with a long-chain fatty acid compared to livers from

fasted-control rats (5-7). However, no difference was noted when livers

from infected rats were perfused with a medium-chain length fatty acid

(5-7). These studies suggested that the hepatic mechanisms responsible

for the diminished ketogenesis during infection are important from both

a biochemical and a physiologic point of view.
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Alterations in hepatic ketone production involve a redistribution

of fatty acids between esterification and oxidative pathways. Possible

control sites of hepatic ketogenesis from long-chain fatty acids include

the activation of fatty acids, their carnitine-dependent transport

Facross the mitochondrial membrane (8-10), hepatic carnitine concentrations

(10), and cellular concentrations of coenzyme A (CoA) and its derivatives

(11-13). Recent studies by McGarry et al. (14) describe malonyl-CoA

concentration as another possible regulatory control in hepatic fatty

acid oxidation and ketogenesis.

In this study carnitine and CoA were measured in plasma, liver and,

skeletal muscle of meal-fed, fasted and fasted-infected rats and in

isolated perfused livers. Knowledge concerning the concentrations of

these metabolites under these three physiological conditions should help

in defining the mechanisms involved in the regulation of fatty acid

metabolism and ketogenesis during infection.

I



Materials and Methods

Animals

Male Fisher-Dunning rats (F-344/Mai f, obtained from Microbiological

Associates, Walkersville, MD) weighing 175-200 g, were used in all of

the experiments.

In vivo Studies

Between 0800 and 1000 hours rats were meal-fed a standard diet

(Teklad Test Diets, Division of ARS/Sprague-Dawley, Hadison, WI), which

consisted of 10% fat, 26% protein, and 60% carbohydrate. These rats 3

were maintained in a light- and temperature-controlled room [12 h light

(1000 to 2200 hours) and 12 h dark and 23 + 1C] during the experiment.

After 2 weeks on this feeding schedule, 10 rats were killed at 1000 a.m.;

the remainder were inoculated with either 104 colony-forming units (CFU)

of live or heat-killed Streptococcus pneumoniae type Ia 5 by subcutaneous

(s.c.) injection in the nape of the neck. Food was withheld from both

groups of rats, with those receiving the heat-killed organisms serving

as fasted controls. All fasting rats were kept in wire-bottom cages and

allowed water ad libitum. Details concerning preparation of the inoculum

and the clinical manifestations of the S. pneumoniae infection have been

published elsewhere (15, 16). The progress of the infection was monitored

by changes in rectal temperature (Yellow Springs telethermometer).

Ten rats from each group were killed by cervical dislocation 24 h

and 48 h postinoculation. The liver was removed and crushed between

liquid nitrogen cooled aluminum blocks within 10 s. Blood which had

accumulated in the chest cavity after severing the vena cava was

collected in heparinized tubes. In one experiment skeletal muscle was

removed from the hind leg and frozen within 30 s.
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In vitro Studies

Rats were maintained on a commercial diet (Wayne Lab Blox, Allied

Inc., Chicago, IL) and housed in rooms maintained at 23 + 1C. Livers

surgically isolated in situ from fed rats and rats exposed to either

live or heat-killed S. pneumoniae and fasted for 48 h were perfused

as described previously by Zenser et al. (17). The perfusion medium

consisted of 70 mL Krebs-Ringer bicarbonate buffer (pH 7.4), 30 mL

washed sheep erythrocytes, 3 g fatty acid-poor bovine albumin

(Calbiochem) and 500 units of heparin. The atmosphere in the closed

perfusion system was 95% 0 and 5% CO Perfusion was maintained at
2 2

approximately 1 mL/min/g; perfusate was recycled. At the end of a

60-min equilibration period, 2.5 mL of a 20 mM solution of either oleic

or octanoic acid-albumin complex (7) was injected into the perfusion

media. Following the intitial pulse dose, the same fatty acid complex

was infused at the rate of 6 mL/h. A 3-ml sample of perfusate was

removed at 0, 15, 30, 45, and 60 min and analyzed for free fatty acids

(18), 3-hydroxybutyrate (19), and acetoacetate (19). The rate of

ketogenesis was calculated from the slope of a plot of total ketones in

the media vs. time and expressed as umol/min/100 g body weight.

Perfusion with Krebs-Ringer buffer plus ,fatty acid-poor albumin served

as a media control. At the end of the 60-min infusion, the liver was

removed, crushed between liquid nitrogen cooled aluminum blocks, and

analyzed as discussed below.

In another experiment livers from 48-h fasted-infected rats were

perfused with noncirculating medium containing 0.76 mM oleic acid.

Livers were perfused at 8 mL/min by frequent adjustment of pressure. At

20 min, L-carnitine was infused at a concentration of 1 mM as described
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bv ,!cGarry et al. (10). All effluent collected at 5-min intervals for

80 min was analyzed for acetoacetate and 8-hydroxybutyrate (19).

Analytical Procedures

Free carnitine and short- and long-chain acylcarnitines were

measured in plasma and neutralized tissue extracts according to the

radioisotopic assay of Pace et al. (20). Acetylcarnitine was measured

in liver by the method of Pearson et al. (21).

Hepatic CoA and acetyl-CoA were measured according to Allred and

Guy (22). Long-chain acyl-CoA was hydrolyzed with fatty acid synthetase

(23); the released CoA was measured by the enzymatic cycling system

containing citrate synthase, malate dehydrogenase and

phosphotransacetylase (22). Malonyl-CoA was determined according to

McGarry et al. (24).

Hepatic ;-hydroxybutyrate and acetoacetate were measured as

described by Neufeid et al. (2). Cytoplasmic and mitochondrial

iNAD +/[NADH1 ratios were calculated as described by Williamson et al.

(25). l!alate and t-glycerophosphate were assayed by the method of

:[ichal and Lang (26). Plasma was analyzed for free fatty acids (18),

ketone bodies (19) and insulin (27).

Reagents

Fatty acid synthetase was prepared from rat liver following the

procedure of Nepokroeff et al. (28).

All :hemicals and solvents were reagent grade. Acetyl-CoA,

palmitvl-(oA, CoA, acetylcarnitine, carnitine acetyltransferase,

citrate ,vnthase, palmityl carnitine, phosphotransacetylase,

3-hydroxybutvrate dehydrogenase and acetyl-phosphate were purchased from

Sigma. OLeic acid, octanoic acid, carnitine, lactate dehydrogenase and
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malate dehvdrogenase were purchased from Calbiochem. [-14 CjAcetyl-CoA

(specific activity 52 mCi/mmol) was purchased from New England Nuclear.

Statistics

Data were analyzed by one-way analysis of variance. A (p) value of

0.01 was considered significant under the null hypothesis.
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Results

Infection

Rats that received 104 CFU of live S. pneumoniae had elevated

rectal temperatures at 24 h; by 48 h these body temperatures began to

decline. Twenty percent of the rats died between 46 and 48 h, the

remainder by 52 h. Plasma ketone body and free fatty acid concentrations

were low in infected rats compared to controls, while portal insulin

increased above control values (Fig. 1). These changes are characteristic

of the pneumococcal infection in rats and are documented elsewhere (2,

15).

In vitro Studies

When oleic acid was added to the recirculating perfusate, the

livers from 48-h fasted rats produced ketones at a faster rate than

those from normal fed or 48-h fasted-infected rats (2.18 + 0.19 vs.

0.64 + 0.10 vs. 1.10 + 0.10 pmol/min/100 g BW, respectively). No

differences were observed in the rates of ketogenesis from octanoic

acid infused under the same conditions.

After 60-min perfusion with oleic acid the livers from fed and

48-h fasted rats were frozen, extracted and analyzed for carnitine, CoA

and their long- and short-chain derivatives. The data in Fig. 2 show

that the concentration of free carnitine was not altered by the

infection. However, the concentration of short-chain acylcarnitines,

especially acetylcarnitine, and long-chain acylcarnitine, increased in

the livers from 48-h fasted-infected rats compared to 48-h fasted

control values. The concentrations of free CoA, acetyl-CoA and long-

chain acyl-CoA were decreased in the livers from 48-h fasted-infected

rats compared to 48-h fasted controls. When octanoic acid was infused,

the only significant increase was in the short-chain acylcarnitine

fraction (data not shown).

L k...



Liver weight is known to decrease during starvation and increase

during a pneumococcal infection, while the DNA content remains constant

(29, 30). Therefore, results are also expressed on a total liver basis

to correct for this weight change. No change occurred in the carnitine

content per liver during the 48-h fast (fed, 1273 + 74 vs. fasted 1395 +

96 umol/liver). However, there was a significant increase in the

carnitine content of the livers from fasted-infected rats vs. that of

control livers (2599 + 235 vs. 1399 + 96 Umol/liver). Total coenzyme A

decreased during infection (fed, 2139 + 222; fasted, 1436 + 126;

fasted-infected 648 + 147 pmol/liver).

The relationship between the ketogenic capacity of livers perfused

with oleic acid and their carnitine content per gram of liver is

illustrated in Fig. 3. In the 48-hfasted rat, ketone body production

increased as did the hepatic carnitine concentration. However, livers

from 48-h fasted-infected rats showed a 50% decrease in their rate of

ketone production despite an elevated carnitine concentration.

Further studies demonstrated that ketogenesis in fasted-infected rats

was not altered by the infusion of L-carnitine simultaneously with oleic

acid (data not shown).

In vivo Studies

Plasma and muscle concentrations of free carnitine, short- and

long-chain acylcarnitines and total carnitine are shown in Table 1. The

concentration of free carnitine in plasma of fasted rats decreased at 24

h and approached fed values by 48 h. The increase in total acylcarnitine

(short + long) concentration during the fast was reflected in an increase

in total carnitine content. Total carnitine was also increased in

plasma of fasted-infected rats but the increase was due to an elevation
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of both free and acylcarnitine. No significant difference was observed

between the fasted and fasted-infected total plasma carnitine

concentrations. While Bressler (31) reported a possible lack of muscle

carnitine in the metabolic response of the guinea pig to diphtheria

toxin, Border et al. (32) showed normal levels of skeletal muscle

carnitine in the fasted-septic dog. The present data show that muscle

carnitine was minimally affected by bacterial infection. Total

carnitine content per gram muscle (Table i) was not markedly altered by

an S. pneumoniae infection; however, long-chain acylcarnitines were

significantly decreased during the infection.

Liver concentrations of carnitine and acylcarnitines per gram of

liver are presented in Figure 4. Free carnitine decreased by 24 h and

remained low in the liver from fasted rats but increased by 48 h in the

liver of the fasted-infected rat. Short- and long-chain acylcarnitines

increased in the fasted-infected rat above the control values 48 h after

inoculation. Total carnitine (acid-soluble + acid-insoluble) was

significantly increased in livers from fasted-infected rats whether

expressed on a per gram of liver (Fig. 4) or total liver basis (fed,

1736 + 138; fasted, 1552 + 57; infected, 3747 + 172 Umol/liver).

Long-chain acyl-CoA increased in the fasted group compared to fed

while both acetyl-CoA and long-chain acyl-CoA decreased in livers from

infected rats compared to fasted control rats (Fig. 5). When expressed

on a total liver basis there was a significant decrease in the total CoA

concentration by 48 h in livers from infected rats (fed, 1291 + 124;

fasted, 1325 + 86; infected, 930 + 57 pmol/liver).

Hepatic lactate and pyruvate concentrations were significantly

increased in infected rats compared to fasted-controls (Table 2). The

cytoplasmic [NAD +]/[NADHJ ratio calculated from these results was not

significantly altered by infection. However, there was a significant
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increase in the mitochondrial [NAD+ ]/[NADH] ratio during an infection

compared to fasted-controls. This has been shown to be reflecting

changes in both hepatic -hydroxybutyrate and acetoacetate concentrations

(2). The concentration of c-glycerophosphate was slightly decreased in

liver from both fasted and fasted-infected rats while malate was

significantly increased in the liver from the infected rat.

Discussion

The present studies were undertaken to help understand the hepatic

regulatory site(s) responsible for the dininished ketogenesis observed

during infection. Although in theory, fatty acid availability could

limit ketogenesis, previous perfusion studies showed that despite

provision of exogenous fatty acid, livers from fasted-infected rats were

less efficient in oxidizing long-chain fatty acids to ketone bodies than

were livers from fasted-control rats, while both groups oxidized

medium-chain fatty acids at equal rates (5-7). These studies suggested

that regulatory sites, such as those proposed by McGarry et al. (10, 14)

may be responsible for the decreased ketone production.

McGarry has suggested the use of a regulatory model in which

ketogenesis may be influenced by the insulin to glucagon ratio (33),

a reduced liver glycogen content and an increased hepatic carnitine

concentration. In the fasted-infected rat, plasma insulin and

glucagon were both increased with a resulting decrease in the insulin

( to glucagon ratio (16, 27). While insulin has not been shown to

influence the ketogenic capacity of perfused liver from fasted rats,

it may play some indirect role in the regulation of ketone production

in the infected host (16).

McGarry has proposed that during fasting, compared to the fed

condition, hepatic malonyl-CoA and fatty acid synthesis are decreased
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subsequent to a decreased plasma insulin to glucagon ratio. The key

enzyme involved in this control system is carnitine

palmityltransferase I (34-37) which is inhibited by hepatic

malonyl-CoA (14). Carnitine acyltransferase activity and hepatic

carnitine content increase, resulting in an increased capacity for

long-chain fatty acid oxidation and ketogenesis. Certain aspects of the

proposed regulatory model of McGarry & Foster (33) were studied in

meal-fed, fasted and fasted-infected rats in both in vivo and in vitro

systems.

Preliminary studies on homogenates and mitochondria prepared from

livers of fasted-infected rats showed that both preparations were

capable of oxidizing long-chain fatty acyl-CoA and fatty acylcarnitine

at rates equal to those prepared from fasted-control livers (6, 7).

These studies, which indirectly measured the transferase enzymes,

suggested that neither transferase I nor II was directly affected by

fasting plus infection. However, these studies did not rule out the

possibility that cytoplasmic control factors or cellular integrity

could be important determinants in the decreased ketone production

observed during infection.

Control factors such as malonyl-CoA., carnitine, and coenzyme A have

been measured in livers from fasted-infected rats. As was suggested

by McCarry et al. (14), hepatic malonyl-CoA concentration was decreased

in fasted rats compared to fed controls (4.80 + 0.89 and 13.54 + 3.10

nmol/g, respectively) (6, 38). However, despite a reduced plasma

insulin to glucagon ratio (16) and a decreased malonyl-CoA content

(3.25 + 0.65 nmol/g) in fasted-infected rats compared to fed rats

there was a reduced rate of ketogenesis during infection compared to

fasting. Thus, malonyl-CoA concentration does not appear to be of major

- . ... ilM lf~ . .. . .. ...... . .. ... . U .. . ... .. . .. . .. . . . . . I .... . .. . I . . ..I-mi.. ..m'
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importance in determining the rate of fatty acid oxidation and

ketogenesis during infection, while the fed and fasted conditions are in

agreement with those of McGarry et al. (14) and malonyl-CoA could be

regulating carnitine palmityltransferase I.

While the carnitine content per gram of liver was increased in

fasted compared to fed rats, no significant difference was observed

in the carnitine content of fed liver vs. fasted liver when expressed on

a total liver basis. This observation is consistent with the results of

Brass & Hoppel (39). However, both in vivo and in vitro studies showed

increased hepatic carnitine concentration during infection despite a

reduced rate of ketogenesis. Thus, while hepatic carnitine

concentration could regulate the rate of ketogenesis in fed and

fasted rats, it apparently does not play a regulatory role for

decreased ketogenesis in liver from fasted-infected rats. The increased

hepatic carnitine content uiring infection may arise from (i) an

increased synthesis of carnitine as a consequence of an elevated flux

of precursors (lysine and methionine) into the liver (15), or (ii) an

increased uptake of carnitine by the liver. Slight decreases in the

muscle carnitine pool size could account for the increased liver

carnitine concentration. Plasma concentrations of carnitine reflect an

increase in acyl derivatives by 24 h and an increase in free carnitine

by 48 h postinoculation. Actual prelabeled carnitine flux studies and

biosynthesis studies have not yet been performed.

The greatest increase observed during infection was in hepatic

short-chain acylcarnitines, especially acetylcarnitine. This increase

is consistent with carnitine's capacity to serve as a buffer system for

acetyl groups (40, 41) produced either by the mitochondria or the

peroxisomes (42) during infection. In either case the subcellular

distribution of this derivative would be of importance.
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The increase in long-chain acylcarnitine content of liver during

perfusion of oleic acid and in vivo data suggest that the ability to

form long-chain acyl-CoA and acylcarnitine is not affected by infection

(transferase enzymes system). These results are in agreement with the

mitochondrial studies previously mentioned (6, 7). The actual enzymic

activity of carnitine palmityltransferase has not yet been determined,

but preliminary studies show no difference in the rate of formation of

acyl-CoA from acylcarnitine and CoA (J.G.P.).

Coenzyme A concentration decreased in livers from fasted-infected

rats. Under normal conditions changes in acyl- and acetyl-CoA

concentrations parallel changes in acylcarnitine and acetylcarnitine

content (43). However, during a bacterial infection this was not the

case. Long-chain acylcarnitine increased apparently at the expense of

acyl-CoA and the acetyl-CoA formed during a-oxidation appeared to be

transferred at an increased rate to carnitine, forming acetylcarnitine.

The acetylcarnitine can be transported from the mitochondrial matrix

or peroxisomes to the cytosol, but it cannot be used in other

synthetic pathways unless it reenters the mitochondrial matrix for

removal of the carnitine moiety (personal communication, L. L. Bieber).

Thus, lower rates of acetyl-CoA oxidation might explain the lower

concentration of ketone bodies and CoA observed during the infection.

Accelerated incorporation of fatty acyl-CoA into triglycerides (7)

as well as accumulation of long-chain acylcarnitines could account in

part for the decrease in long-chain acyl-CoA observed in the perfused

and nonperfused livers from infected rats. Since acetyl-CoA was the

specific short-chain acyl-CoA measured, the possibility that other

acid-soluble derivatives were increased in liver from infected rats
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cannot be excluded. Inflammatory diseases have been shown to be

accompanied by disturbances in sulfhydryl metabolism (44); such

perturbations could contribute to the decrease in hepatic CoA observed

by us. Whether the decreased hepatic coenzyme A concentration is

reflecting a decreased synthesis, an increased release from hepatocytes

or an increased production of other short-chain CoA derivatives,

* ionly future studies will determine.

Exton et al. (45) described the antiketogenic effect of lactate in

fasted rats and showed that this effect was mimicked by pyruvate. An

increase in both lactate and pyruvate concentrations in the

fasted-infected rat liver could be reflecting a decreased oxidation of

fatty acids and an increased esterificaton to triglyceride and

phospholipids. These observations are consistent with previously

reported increased incorporation of long-chain fatty acids into liver

lipids during perfusion of livers from infected rats with oleic acid (7)

and elevated plasma triglycerides (46-47) during bacterial infections.

Fatty acid metabolism during infection is a complex problem.

Although the data on fed and fasted rats are in agreement with previous

studies of McGarry (10, 14, 24), the fasted-infected rat does not appear

to conform to his model for the regulation of hepatic ketogenesis.

The present data suggest that the decreased utilization of long-chain

fatty acids for ketone body production is not due to a carnitine

deficiency. Hepatic carnitine was increased in both the perfused and

j intact livers from fasted rats infected with S. pneumoniae. Preliminary

data (Pace, unpublished) show similar increases in rats exposed to

Francisella tularensis. In addition, carnitine infusion, both in vivo

(unpublished data) and in vitro, did not increase ketone body production

from oleic acid in the infected rat. In view of the current interest in
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nutritional supplementation during infectious illness, these data suggest

that carnitine supplementation would have no protein sparing effect

during infection.

Localization of key intermediates, such as carnitine and CoA

between the mitochondrial matrix and the extramitochondrial compartment

of the cell could be responsible for the regulation of the rate of

ketogenesis in liver from fasted-infected rats. Thus movement of

acetyl groups out ot the mitochondria coupled with an increased

utilization of fatty acyl-CoA for triglyceride synthesis could reduce

the amount of acetyl-CoA available for ketone production. Since it is

impossible to determine changes in the concentration of these cofactors

in an individual compartment of the cell from the present whole tissue

measurements future studies will investigate the effect of infection on

the subcellular distribution of various derivatives of hepatic carnitine

and CoA.
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Short 523 + 118 414 + 51 353 + 51 411 + 28 351 + 98

Long 189 + 21 197 + 14 224 + 16 14 6 + 2 0a 1 6 8 + i0 a

Total pool 1451 + 106 1131 + 50c 1258 + 75 1175 + 29 1249 + 77

NOTE: Values are means + standard error of the mean.

a 0.05 compared to fasted-controls.

b
< 0.01 compared to fasted-controls.

d
p< 0.01 compared to fed controls.
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Figure Legends

FIG. 1. Effect of S. pneumoniae infection on rat plasma ketone

bodies, free fatty acid and portal insulin concentrations. Values

are expressed as the mean + SEM for 10 rats per group.

FIG. 2. Carnitine and CoA content of livers from fed, fasted-control

rats and fasted rats infected with S. pneumoniae and perfused with oleic

acid as described in the Methods section. Values are expressed as the

mean + SEM for from 6 to 10 livers per group.

FIG. 3. The relationship between ketone body production and hepatic

carnitine content of livers from fed and fasted-control rats and fasted

rats infected with S. pneumoniae. The livers were perfused with oleic

acid, frozen and assayed as described in text. Each bar represents the

mean + SEM of 6 to 10 experiments.

FIG. 4. Concentration of carnitine and its acyl derivatives in

livers from J7ed, fasted-control and fasted-infected rats. Each bar

represents the mean + SEM for 10 rats.

FIG. 5. Concentration of CoA and its acyl derivatives in livers

from fed, fasted-control and fasted-infected rats. Each bar represents

the mean + SEM for 10 rats.
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